A mechanism for an expanding coil designed for use for in vivo magnetic resonance imaging is demonstrated. The mechanism has a small (1 mm) cross-sectional width, and may therefore be passed through a tubular orifice such as the endoscope channel used for accessing a bile duct. Once in place, the coil may be deformed by controlled in-plane buckling and fixed in this state by a rack-and-tooth latch. The latch may be released to return the mechanism to its original state for withdrawal. A simple analytic model of the device is developed using Euler bending theory. Prototypes are fabricated in bonded silicon-on-insulator material by deep reactive ion etching and undercut. Expansion and latching are demonstrated, and performance characteristics are found to be in good agreement with the theoretical models. A lateral expansion of 1 mm was routinely achieved on either side of a device with an initial width of 1 mm (corresponding to a three-fold expansion) using an axial compression of 400 µm.
Introduction
In vivo magnetic resonance imaging (MRI) has the potential to detect very small, aggressive cancers very early. For example, cholangiocarcinomas are tumours of the lining of the biliary tract. Their occurrence is increasing extremely fast (up by 30-fold in the last 30 years in the UK [1] ), and the outcome for patients is generally very poor unless they are found at a very early stage-before they are much greater than 1 mm in size [2] . Optical imaging of bile ducts is currently performed using flexible endoscopes with side viewing and side access to a biopsy channel. However, direct viewing is only possible near the entrance to the duct, which is often wholly or partially constricted when a tumour (which can be tens of millimetres away) is present.
The soft tissue changes expected are such that only MRI is likely to detect them directly. Clinicians currently examine whole-body data seeking the constrictions in the duct-the likely location of these tumours-and then use cytology to determine their presence, though by the use of methods as likely to spread a tumour as confirm its presence. However, the sensitivity, stability and resolution of MRI in the liver region are inadequate to find lesions as small as 1 mm reliably, although it is exactly these tumours that must be detected to improve outcome. As a result, there is a strong case for the development of small magnetic resonance detectors that may be inserted into the duct to carry out local highresolution imaging. This process requires that the coil be directed along the duct for distances in excess of 50-60 mm. The only insertion route available is the biopsy channel of a flexible gastroscope, which has a nominal internal diameter of 3.2 mm, and side access, so that any item entering the duct must turn through 90
• . Bile duct diameters range up to around 9 mm. Even the constrictions where the tumours may be located have diameters of 5-6 mm (though, of course, they can be much less). To obtain useful data, it is essential to lock the detector in position during imaging, because of the extended imaging time needed, and the likelihood of respiratory motion. A mechanically expanding, latching coil is therefore required.
Inflatable balloon coils for prostate imaging have previously been developed [3] ; however, to date, these have been less satisfactory than solid coils [4] . Here, we provide a preliminary description of an expanding coil mechanism fabricated using microelectromechanical systems (MEMS) technology. MEMS are typically small, three dimensional or movable structures fabricated by complex patterning and etching processes originally derived from the microelectronics industry [5] . The starting material is often silicon. Planar MR detector coils fabricated by surface patterning have been investigated for many years [6, 7] . More recently, coils have been combined with sample volumes [8] , their performance (largely determined by their Q-factor) has been improved [9] and implantable devices have been developed [10] . However, the coils themselves have had a fixed geometry and inductance. Some attempts are being made to develop variable inductors for radio frequency (RF) filtering. These include switched inductor networks [11] and self-assembled solenoids that may be adjusted by out-of-plane deformation [11] [12] [13] [14] . However, none of these approaches are sufficiently robust or reliable for the above application, or provide a suitable side-looking function.
The expanding coil mechanism described here is based on in-plane deformation of a compliant silicon-based structure. The actuation principle is buckling, which has previously been investigated experimentally in MEMS [15] , and used in many MEMS devices, including pneumatic valves [16] , component clamps [17] and 3D optical structures [18] . Latching is performed by a rack-and-tooth mechanism that has shown reliable performance in a linear micropositioner [19] . In this initial demonstration, the coil is omitted, and attention is focussed on the design of a coil support that provides a suitable mechanical function and that will be compatible with later addition of a high-performance RF coil. Design is carried out using simple analytic theory in section 2, and it is shown that the mechanism is a form of displacement amplifier. Fabrication by deep reactive ion etching of bonded silicon-on-insulator material is described in section 3, together with experimental results from prototype mechanisms. Conclusions are presented in section 4.
Design
In this section, we consider the design of an in-plane expanding coil mechanism. We first consider the constraints, and propose a suitable compliant mechanism. We then introduce the main design issues using simple Euler bending theory.
Constraints
The complete device must be suitable for endoscopic insertion into the bile duct using the side access port of a biliary endoscope, which places limits on width and length of around 2 mm and 15 mm, respectively. The mechanism must be capable of expanding from its initial configuration, up to a maximum of (say) 5 mm. The mechanism must also be isolated from and capable of supporting a resonant RF detector, typically fabricated as an electroplated single-turn coil and a tuning capacitor. High Q-factors can be achieved on silicon substrates only by using intrinsic (>5000 cm) material, thick (ca 4 µm) oxide isolation layers and Cu/Au conductors with a large (50 µm × 10 µm) cross-sectional area [20] . The coil support must therefore be both relatively wide and deep compared with most MEMS devices, in order to avoid unwanted out-of-plane deformation caused by the oxide and metal layers. The mechanism must be capable of repeatable latching, to achieve the correct resonant frequency, and reliable unlatching, to allow safe removal.
Mechanism
To meet these constraints, it is proposed to fabricate the mechanism from the bonded layer of a bonded silicon-oninsulator (BSOI), a multi-layer material obtained by fusing a thermally oxidized silicon wafer to another silicon wafer, which is subsequently polished back to the desired thickness. BSOI is now the material of choice for many MEMS applications, since it allows the fabrication of movable parts in high-quality single crystal material [21] . Both the substrate and device layer may be structured by deep reactive ion etching, a method of near vertical etching based on the use of an inductively coupled plasma etcher operating a process consisting of alternating cycles of etching in SF 6 and passivation in C 4 F 8 [22] . Figure 1 shows the mechanism. The mechanical parts consist of a suspended support for a single-turn RF coil. The coil is attached at its left-hand end to a pair of lands, on which a tuning capacitor may be mounted to form a resonant detector ( figure 1(a) ). The operating frequency f 0 for 1 H magnetic resonance scales linearly with flux at 42.57 MHz T −1 . In a 1.5 T system (for example), f 0 = 63.7 MHz. The tuning capacitor needed to accompany an inductance L in a parallel resonant circuit is C = 1/{L(2πf 0 ) 2 }. At this frequency, and with an expected inductance of around 20 nH from a device of length 10 mm and initial width 1 mm [20] , the required capacitance is around 300 pF, which is easily obtained in a small-format surface mount package.
Expansion of the coil is activated by a pull rod, which is connected to an external mechanism. In-plane buckling of the two halves of the coil support, in a preferentially outward direction, is forced by the off-axis compressive load of the pull rod. Motion is stabilized at the free end of the coil by a flexure-based straight-line mechanism, which doubles as a return spring. The spring is formed from cascaded portal sections, which are stiff against unwanted linear and angular displacements. The expanded coil is held in place by a rackand-tooth latch with a spring guide ( figure 1(b) ), and returned to its original state by releasing the latch with a lateral motion of the pull rod ( figure 1(c) ). The latch is a multi-state device, to allow the investigative experiments described here.
In practice, the entire mechanism would be encased in an expanding shroud, operating pneumatically. A single-state latch would also be used, actuated by a wire link. For safety reasons, it might also be preferable to place this latch remotely.
Analysis
Clearly, it is important to maximize the achievable transverse expansion (here, δ T ) that can be obtained for a given axial compression (here, 2δ A ), and also to minimize the axial actuation force. The main factors affecting δ T are the coil support layout, defined here by the length 2L and half-height L , and widths W and W . A simple model of the device may be constructed by ignoring the slight asymmetry between the leftand right-hand ends of the coil. If the effect of the return spring is also neglected, the essential details are described in figure 2, which shows a model of one-quarter of the coil, with roller constraints that mimic the device symmetry. Note that this model essentially disbars all anti-symmetric buckling modes. The task then is to find loads P and moments M that give rise to compatible linear displacements δ T and δ T and angular displacements θ and θ at the joint between the buckling and bending elements, and that satisfy the boundary conditions. Solutions may be found using standard Euler buckling theory [23] .
For example, if the bending element were infinitely stiff, we would not expect this element to deflect at all, so that δ T = θ = 0. We would then expect buckling to occur abruptly at the critical Euler buckling loads P cν for a built-in beam, here given by
Here, E is Young's modulus for the beam material, and (chosen to model a silicon structure) and L = 5 mm and d = 100 µm (say), the critical load is P c1 = 0.56 mN when W = 10 µm, while P c1 rises to 0.56 N when W = 100 µm. For infinitely stiff end beams, the deflected beam shape may also be predicted very simply. The lowest-order buckling mode has the deflected shape of a raised cosine:
Here, y is the transverse displacement and x is the distance along the beam. Because the bending is likely to be significant, curvature shortening will occur. The shortening may be found as
Using equation (2) in equation (3), the following relation between the transverse and axial deflections δ T and δ A = may then be obtained:
The heavy line in figure 2(b) shows this variation, for example half-length of L = 5 mm. Clearly, transverse deflections of δ T ≈ 1 mm are achievable with axial deflections of δ A ≈ 100 µm. For a complete coil, similar transverse deflections are obtained with twice the axial extension given by equation (4) and twice the axial force given by equation (1) . Thus, a 10 mm long coil with an initial width of 1 mm will require a pullrod motion of ≈200 µm to expand to a maximum width of 3 mm. Expansion to 5 mm will require a pull-rod motion of ≈800 µm.
The maximum achievable expansion will be limited by the peak stress σ max in the coil support. This value may be found as σ max = EW /2R, where the beam curvature R may be found using the approximation 1/R ≈ d 2 y/dx 2 . Using equation (2), we obtain
Assuming E = 1.69 × 10 11 N m −2 and L = 5 mm again, and that W = 100 µm (say), we find that σ max = 1.7 × 10 9 N m −2 when δ T = 1 mm. This value is close to the fracture stress of Si (<7 × 10 9 N m −2 [5] ), implying that these dimensions approach the limits for millimetric deflections. Narrower coil supports (i.e. smaller values of W ) are required to increase the deflection.
Although in-plane deflection can be forced by choosing W < d, abrupt buckling is still not satisfactory, because there is no preferred lateral direction. This characteristic can be introduced by the flexible end sections. However, with bending elements of finite stiffness, we would expect nonzero values of δ T and θ , requiring the elastic problem to be solved in full. In this case, the Euler equation for the buckling element may be written as [23] 
Integration of equation (6), subject to the boundary conditions y(0) = 0, y (0) = 0 and y(L) = δ T gives the solution:
where k = √ (P /EI ) and the end moment M is related to the load P and deflection δ T by
Differentiation of equation (7) yields the slope dy/dx of the beam as dy/dx = −Mk sin(kx)/{P cos(kL)}.
Equation (9) then allows the angular displacement θ at the end of the beam to be found as θ = dy/dx| x=L = −(Mk/P ) tan(kL).
Curvature shortening again must be taken into account. This term may now be found by using equation (9) in equation (3), to obtain
For the bent beam, the displacements may be found from standard Euler bending theory [24] as
where I = dW 3 /12. Compatibility then requires that θ = θ , while the boundary conditions are satisfied if δ A = + δ T . Using equations (10)- (12), we then obtain two simultaneous equations that must be solved to determine P and M:
Equations (13) are nonlinear. However, they may be uncoupled by first using the upper equation to eliminate M from the lower one and then solving for P. Near every value of P cν , there are two solutions, corresponding to cases where the beam buckles outward and inward, respectively. Here, we will be interested in the lowest order outward-buckling solution, which lies near P c1 . In this case, it is simple to find a numerical solution for P. The other terms of interest such as M, δ T and the buckled shape may then be found by substitution into earlier equations.
We illustrate the use of the above model with numerical examples. We again assume that L = 5 mm, that W = W and that L is variable, to allow different coil aspect ratios to be modelled. Considering only relative deflections and normalized forces, the exact values of stiffness are then unimportant, so that E, d and W need not be defined except for the purpose of calculation.
The remaining lines in figure 2(b) show the variation of δ T with δ A achieved with (i) L = 0.25 mm, (ii) L = 0.5 mm and (iii) L = 0.75 mm. In the case (i), the coil end sections are relatively short and stiff, and the variation tends to the ideal of equation (4) . As L increases, the coil ends become weaker and δ T is reduced. However, for large deflections, the variation of δ T with δ A is qualitatively similar to equation (4), following from the quadratic nature of all curvature shortening effects.
Figure 3(a) shows the variation of P /P c1 with δ A for the same three cases. In the case (i), the axial force increases abruptly from zero when δ A = 0, rising almost to P c1 . As L increases, the rise in axial force becomes more and more gradual. This transition from abrupt to gradual buckling is a characteristic shared by beams with initial shape imperfections or offset loads [23] , and implies that smoothness may be traded for deflection, through the coil aspect ratio. The device is therefore a form of nonlinear displacement amplifier. Figure 3(b) shows the variation of y(x) along the buckling beam for the same cases, for a fixed axial deflection of δ A = 65 µm. In the case (i), the deflected shape is close to the raised cosine function in equation (2) . However, as L rises, and the end sections become weaker, the deflection reduces and the end of the buckling beam starts to rotate more and more.
Fabrication and testing
In this section, we describe the detailed design, fabrication and testing of latching coil supports in fabricated bonded siliconon-insulator material. 
Design
Mechanical structures were designed with the general arrangement of figure 1(a) and the following parameters. The coil half-length L was taken as 5 mm throughout. Three different values of coil half-width L (0.25 mm, 0.5 mm and 0.75 mm) were investigated. The coil support widths W and W were equalized throughout. Five different width values (20 µm, 40 µm, 60 µm, 80 µm and 100 µm) were investigated. The pull rod was 60 µm in width. The rack tooth pitch was 10 µm, and the rack was designed for a travel of 250 µm. The latch guide spring consisted of a cantilever 20 µm in width and 800 µm in length. The coil return spring was constructed from 16 portal beams, each 8 µm in width and 0.5 mm in length. The dimensions of prototype dies were made relatively generous, to allow ease of handling and testing. The die size was 15 mm × 4 mm, allowing a population of around 90 devices on a 100 mm diameter wafer. This number would be expected at least to double as die sizes become more realistic. With wafer and processing costs totalling less than £1000 ($2000), device costs are likely to fall below £5 ($10), excluding packaging offering the potential for disposable use.
Fabrication
Prototype devices were fabricated using 100 mm diameter (1 0 0)-oriented BSOI wafers obtained commercially from Analog Devices Belfast with a bonded layer thickness of 100 µm and an oxide interlayer thickness of 2 µm. Etching was carried out using a surface technology systems single-chamber multiplex inductively coupled plasma etcher, operating a variant of the cyclic etch-passivate process originally developed by Robert Bosch GmbH. The surface mask consisted of 2.5 µm thickness of Shipley S1828 resist, hard baked at 100
• C. A dual frequency plasma source was used to allow stop-on-oxide without lateral etching.
After etching, the mask was stripped using an oxygen plasma in an Oxford Instruments Plasmalab 80 + parallel plate reactive ion etcher. The movable structures were then released by wet chemical etching of the oxide interlayer using buffered HF. Because of the large lateral dimensions (up to 100 µm), extended etch times were required. Figure 4 shows scanning electron microscope (SEM) views of (a) the latch mechanism and (b) the return spring.
Measurement
Devices were assessed using an optical microscope equipped with a video camera and a calibrated on-screen cursor measurement system. The axial drive was provided manually, using a probe tip mounted on a 3-axis manipulator. Care was required to ensure on-axis motion, so that the coil support buckled symmetrically. Devices with low (20 µm-60 µm) coil support widths and large half-widths (L > 0.25 mm) buckled smoothly. No damage occurred at large (>200 µm) axial travel, and the latch mechanism was able to retain the coil in its buckled shape. The measured variations of δ T with δ A obtained for different values of L are superimposed in figure 2(b) . Similar data were obtained for devices with different values of W, as expected. The experimental results are clearly in good agreement with the simple theory. Lateral deflections of 1 mm were routinely obtained, using an axial motion of 2δ A = 400 µm. The largest lateral deflections that were obtained were just below 2 mm, for devices with L = 0.5 mm and W = 20 µm; however, these required pull-rod excursions beyond the range of the latch. Figure 5 shows SEM views of a buckled coil near the mid-range of travel (δ A = 65 µm). Figure 5(a) ) shows the latch mechanism, which clearly shows engagement of the fixed and moving rack teeth due to the pressure of a guide spring. Figure 5(b) ) shows the corresponding buckled shape of a coil with L = 0.5 mm. Measurements of the deflected shape are shown superimposed on the theoretical prediction in figure 3(b) , and there is again good agreement between experiment and theory. Figure 5(c) shows the stretched return spring, which is clearly sustaining a large axial deflection without significant lateral deflection. Once the latch was released, the coil was returned to its starting condition without permanent deformation.
It was, however, found that rapidly increasing axial force was required to buckle devices with the highest coil support widths and lowest coil half-widths. Buckling occurred more abruptly, and the resulting sudden axial deflection allowed damage to be caused to the return spring by over-extension. For devices with broken springs, symmetric buckling was then no longer obtained, and large asymmetric lateral deflections were observed. In addition, even for devices that buckled without damage, it was found that the latch mechanism was not robust enough to retain the buckled shape at the extremity of travel. Further work is therefore required to improve operating characteristics for devices with larger coil widths. The most important modifications include reducing the coil support width in the regions of maximum stress, increasing the travel of the spring, modifying the latch to provide a single, stable latched position and providing guide blocks to stabilize the expanded coil in the event of spring failure.
Conclusions
We have demonstrated a simple mechanism for an expanding RF coil designed for use for in vivo magnetic resonance imaging. The mechanism has a small (≈1 mm) cross-sectional width, and the device is designed so that it can be passed through a small orifice into a location such as the bile duct. Once in place, the coil may be deformed by in-plane buckling to a larger cross-section and fixed in this state by a simple rack-and-tooth latch. The latch may be released to return the mechanism to its original state for withdrawal. Initially, a rectangular coil shape has been proposed; however, other coil shapes-for example, an ellipse-would also be suitable.
The design has been modelled using analytic beam bending theory. The mechanism is a form of displacement amplifier, and the results show a trade-off between the smoothness of operation and the achievable lateral deflection. Prototypes have been fabricated by deep reactive ion etching and undercut of bonded silicon-on-insulator, and both controllable expansion and latching have been demonstrated using devices with relatively narrow coil supports. Performance characteristics show good agreement with the theoretical model. Further design development is needed to create devices with wider coil supports that may be buckled smoothly and latched reliably. Process development is also required to incorporate an electroplated metal coil, insulated from the mechanism by an oxide isolation layer; this work is in progress. Finally, we note that there are likely to be many other uses for displacement amplifiers in general and for variable inductors in RF systems, beyond the specific medical application considered here.
